Patterns of genetic relationship and taxonomic identity are examined in Thorius, an enigmatic genus of minute neotropical salamanders that represent the smallest tailed tetrapods. Data comprise an electrophoretic analysis of 16 protein loci in 69 population samples from 55 localities throughout the range of the genus in southern Mexico. Eight of the nine described species are genetically distinct: Nei's D commonly exceeds 0.9. There is no biochemical evidence of more than a single species at Zoquitlan, Pue., type locality of T. schmidti and T. maxillabrochus. Genetic differentiation between disjunct subspecies of T. pennatulus is less than the mean pairwise value between described species, but exceeds that observed between some sympatric species pairs. Seven additional as yet undescribed species are identified, based either on their sympatric occurrence with, or great genetic differentiation from, described species. Most species initially identified by electrophoresis are morphologically distinct. Electrophoretic data fail to resolve the taxonomic affinity of a few remaining populations, although they do provide clearcut and distinguishable hypotheses of relationship that can be tested using other sources, such as morphology.
variation-known to affect most external characters (Freeman, 1977 )-have not been taken into account when evaluating species differences. Osteological characters, with the exception of the presence/absence of maxillary teeth and the relative size of premaxillary teeth in males, have been ignored. As a result, available species descriptions often are of little use in establishing the identity of specimens from any but a type locality, and are sometimes unable to provide unequivocal identification of additional specimens collected at type localities from which more than one species has been described. A brief summary of each species is provided below. More detailed descriptions, and additional references, are provided in Freeman (1977) and Hanken (1980) . Thorius pennatulus, type species for the genus, was described by Cope (1869) based on seven specimens from "Orivaza," Ver. This terrestrial species is known from several localities in Veracruz in the vicinity (mostly to the southeast) of Volcan Orizaba at elevations of 800-1,200 m-elevations lower than those of any other species. Shannon and Werler (1955a) described a disjunct population from Volcan San Martin in the isolated Tuxtla Range of extreme southeastern Veracruz as T. p. narisinagnus. Both subspecies have the distinctive circular nostril which is not seen in any other species of Thorius; they are distinguished by the slightly larger nostril in T. p. narismagnus and slight differences in external coloration.
Thorius pulmnonaris and T. narisovalis, two terrestrial species from the montane forest of Cerro San Felipe, Oax., were described by Taylor (1939) . These species were distinguished by nostril dimensions (larger and more elongate in T. pulmonaris) and different elevational distributions (about 2,000 m for T. pulinonaris vs 2,600-3,000 m for T. narisovalis). Taylor also suggested slight differences in microhabitats favored by the two species: T. narisovalis was typically found under the bark of fallen logs, whereas T. pulinonaris was found invariably in leaf litter.
Thorius dubitus and T. troglodytes were described by Taylor (1941) from the mountains above Acultzingo, Ver. Prominent characters used to differentiate these species were adult body size (greater in T. troglodytes) and external proportions. These two terrestrial species also differed slightly in elevational distribution and microhabitat preference: T. dubitus occurred at slightly higher elevations and was collected from under moss and other plants; T. troglodytes was found under rocks. Shannon and Werler (1955b) , however, later collected both species at the same elevation (3,050 m) near the type locality.
Thorius minutissimnus and T. macdougalli were described by Taylor (1949) from separate, distant Oaxacan localities. Thorius minutissimus, from Santo Tomas Tecpan in the Sierra Madre del Sur of southern Oaxaca near the Isthmus of Tehuantepec, resembles T. narisovalis in nostril morphology, but differs in its (smaller) adult body size, in which it resembles T. pennatulus. Subtle aspects of dorsal head coloration, and the supposed frequent absence of the fifth digit from the hind foot, were additional characters believed unique to this species. Similarly, Taylor allied T. macdougalli, from Cerro de Humo (Cerro Pel6n) in the Sierra de Juarez of northcentral Oaxaca, to T. pulmonaris based on the shape of the external naris, but justified its specific designation because of its smaller adult body size, relatively short tail, rounded digit tips, and dorsal coloration.
Thorius schmidti and T. maxillabrochus were described by Gehlbach (1959) from a remote locality near Zoquitlan in extreme southern Puebla. All 12 specimens in both type series have maxillary teeth which are not seen in any other described species; Gehlbach further differentiated the Zoquitlan material on the basis of nostril shape, body size, relative tail length and foot proportions. All specimens were found under fallen logs.
At least six additional populations of Thorius from widely scattered localities do not closely match the description of any nominate form. Each population has, at various times, been suspected of representing an undescribed species, but morphological analysis alone has not allowed unambiguous delineation of species boundaries. As long as 40 years ago, Taylor (1941:107) (Hanken, 1980) and are available upon request.
Most specimens were frozen whole within 24 hours of collection and stored in liquid nitrogen (-196 C) until return to the laboratory. There they were transferred to a freezer (-76 C) for up to several months, whereupon the specimens were thawed and samples of liver, heart, gut, body wall and tail were removed for analysis. Salamanders that were not frozen in the field were returned to the laboratory alive where they were anesthetized in 30% chloretone before dissection. Carcasses were individually tagged, preserved in 10% neutral-buffered formalin, and retained as voucher specimens; they are deposited in the permanent collection of The University of California Museum of Vertebrate Zoology (the list of specimens is presented in Appendix 1). For each animal, tissue samples were pooled and proteins assayed using standard horizontal starch gel electrophoresis and histochemical staining procedures (Ayala et al., 1972; Harris and Hopkinson, 1976; Selander et al., 1971) (Table 2) .
Allele frequencies were used to compute stan- (Table 2 ). Many additional enzymes were included in initial runs, but because of the tiny amount of tissue sample available from a single specimen these loci provided only faint or otherwise poor resolution of banding patterns; they were not used in subsequent runs. Several groups of populations, usually those separated by only a few km or less, showed relatively slight differences in allele frequencies (D < 0.10 in most instances) and consistently linked together in the initial cluster analyses based on observed levels of genetic dif- Table  3 which presents allele frequencies and heterozygosity values, for 35 populations from 28 principal localities. Estimates of genetic differentiation (D and S) among these 35 populations, computed from observed allele frequencies at all 16 loci, are given in Table 4 . Allele frequencies and estimates of genetic differentiation for the remaining populations are not provided due to space limitation, but are available upon request. Variability was high. Mean total number of alleles per locus was 10.6 (range 3-19) and each locus was polymorphic in at least one population. (A locus was considered polymorphic if at least two alleles were present, in any frequency, in a given population.) For a given locus, the mean number of alleles per population ranged from a low of 1.06 (Gapdh) to a high of 2.16 (Mpi); as many as eight alleles were identified at one locus (Got-1) in a single population (67). Identification of syrnpatric species.-Extreme deviations of genotypic arrays from Hardy-Weinberg expectations were observed at 12 localities in Oaxaca and Veracruz (Table 5) . At each locality there was conspicuous and total absence of heterozygote phenotypes between one or more pairs of alleles at a given locus, such that the specimens could be divided among two, or sometimes three, populations within which Hardy-Weinberg expectations were met, but between which heterozygotes were lacking. Concordant patterns of fixed differences involving as many as 12 loci were found at each locality such that the composition of each population was consistent. Remaining loci often demonstrated additional between-group differences in allele frequencies (Table 3 ). This evidence strongly suggests the sympatric occurrence, at each locality, of two or three genetically distinct populations with no evidence of hybridization-in other words, sympatric species. Nei's D between sympatric species ranged from 0.31 to 1.27. Only one of two published reports of sympatry was confirmed by electrophoresis. Two terrestrial species were detected at Puerto del Aire, Ver., (Table 5 , locality I, populations 3 and 4), the type locality of T. dubitus and T. troglodytes, but electrophoresis also established the presence of a third, arboreal species at this locality (population 12, taken in bromeliads). In fact, this latter species is more differentiated genetically from both terrestrial species than the two terrestrial species are from each other. In contrast, analysis of the 25 animals collected from two localities (populations 10 and 1 1) near Zoquitlan, Pue., the type locality of T. schnidti and T. maxillabrochus, revealed no biochemical evidence of more than a single species in these samples.
ferentiation (see below). In such cases, only one population of each group is included in
The remaining 11 instances of sympatry either confirm the existence of undescribed species previously suspected by herpetologists (see above), or represent additional instances previously undetected. In Veracruz, the presence of two sympatric species at high elevations on Volcan Orizaba was established at two localities (Table 5 , localities II and III). These species are well-differentiated genetically, displaying fixed allelic differences at 10 or 11 of the 16 loci sampled; D between sympatric populations exceeds 1.0 at both localities. Five sympatric localities were identified on Cerro Pelon in the -Sierra de Juarez, Oax. A second, larger terres- 04 1.01 .85 1.02 1.00 .89 1.02 1.17 1.78 1.22 1.16 1 94 1.10 1.24 1.31 .78 .81 .72 1.19 1.14 1.13  .67 .77 .87 1.16 1.30 1.30 .78 .81 .74 1.25 1.26 1.17 . trial species is sympatric with T. macdougalli at three localities south of the crest in the vicinity of Llano de las Flores (Table 5 , localities IV-VI). These two species are then joined by a third terrestrial species at locality VII, just below and north of the crest. This latter species, in turn, is sympatric at locality VIII with a fourth, arboreal and terrestrial species which is endemic to the cloud forest at intermediate elevations on the north slope (see below). Previously unreported instances of sympatry, each with two species, were detected at four Oaxacan localities (Table 5, Cluster analysis.-All 69 populations were clustered using the UPGMA method for both D and S. Generally, most populations fall into discrete clusters whose composition is the same for both distance measures; only the dendrogram of D is presented (Fig. 2) .
Populations from Veracruz and Puebla form at least six distinct groups: a) the two subspecies of T. pennzatulus (1 and 2) Fig. 2) 
66.
All three branching patterns based on the smaller matrix differ from those of the larger matrix and from each other. The Wagner tree is most different (Fig. 3C) . Thorius narisovalis (46), for example, which clusters with populations 32, 37 and 45 in all other trees (Figs. 2,  3A, B 0.13 (range 0.08-0.21) . Only one locus, Gapdh, is fixed for the same allele in all populations, although six additional loci-Lap, Icd-1, Pgm, Ldh-2, Got-I and Pt-2--display only slight variation in allele frequencies. Betweenlocality variation is greater in Mdh-1, Gpi, Got-2 and Gpd; at each of these loci, all populations share the same common allele, although exact frequencies may differ. Extreme variation is displayed by the five loci remaining: Icd-1, Ldh-1, Mdh-2, Pep and Mpi (Fig. 4) (Table 5 , locality VII). Thus, while there is a tendency for increased genetic differentiation with increased taxonomic rank, there is no absolute distinction, in terms of genetic distance value, between interspecific and intersubspecific comparisons.
There was no biochemical evidence of more than a single species in the samples from near Zoquitlan, Pue., the type locality of T. schnidti and T. inaxillabrochus. This supports the suggestion of F. R. Gehlbach (pers. comm.) that there is only a single species at this locality. It is conceivable, however, that a second species, though present, was included in neither sample; therefore, the electrophoretic data do not provide sufficient evidence to resolve this question entirely. Pending morphological analysis of these populations, I have referred the samples from Zoquitlan to T. schmidti.
Several populations, singly or in groups, appear to represent additional, undescribed species. For many populations, this interpretation is supported by their sympatric occurrence with other species and the demonstrated maintenance of separate gene pools. This "sympatry test" provides unequivocal and convincing evidence of reproductive isolation; electrophoretic data have been used effectively in this manner to confirm the existence of sympatric species of many plethodontid genera, including Batrachoseps (Yanev, 1978), Desnognathus (Tilley et al., 1978) and Plethodoin . In some of these studies, sympatric species had been suspected earlier on the basis of morphology, whereas in others, electrophoresis detected cryptic species that previously had eluded detection. Both instances were observed in Thorius. For example, one or two additional, undescribed species was suspected at each of three distant localities: Puerto del Aire, Ver.; Volcan Orizaba, Ver.; and Cerro Pelon, Oax. (see above). All of these "suspicions" proved correct (Table 5 , localities I, II-III, and IV-VII, respectively). On the other hand, five instances of sympatry, involving two described species and at least three undescribed species, had not been reported (Table 5 , localities VIII-XII).
In the absence of the sympatry test, one must infer the taxonomic status of allopatric populations from protein data on the basis of observed levels of differentiation and clustering patterns. However, at present, no satisfactory criterion exists by which to evaluate the taxonomic status of allopatric populations from observed levels of protein differentiation in the absence of significant morphological differentiation (Wake, 1981). The difficulty is particularly acute in Thorius, in which many species, for instance T. nacdougalli, demonstrate the capacity for significant protein differentiation among populations separated by relatively short geographic distance, apparently despite gene flow (also see Slatkin, 1981 (Regal, 1966 ; Wake, unpubl.), two species of the frog genus Hyla (Caldwell, 1974) , one species of the lizard genus Abronia (Campbell, 1982) , and two snake genera, Cryophis (Bogert and Duellman, 1963) and Exiloboa (Bogert, 1968) , each of which is restricted to a pine-oak-fir forest relatively narrow range of elevation and habitats. Bogert and Porter (1967) stressed the role of habitat and elevational restriction in effecting species diversification in Abronia, which is limited to montane pine-oak woodland and cloud forest and which exhibits a pattern of local endemism and regional differentiation that mimics that of Thorius. Wake and Lynch (1976) proposed a similar allopatric speciation model in their discussion of the evolution and diversification of neotropical plethodontid salamanders, especially the genera Bolitoglossa, Pseudoeurycea and Chiropterotriton (see also Wake, 1981). They suggested that habitat restriction and narrow elevational zonation-which is associated with narrowly specified thermal preference and limited acclimation ability (Feder, 1978)-promoted, or maintained, the isolation of once continuous populations which often were separated initially as a result of either tectonic events or climatic change. It seems likely that these characteristics-habitat restriction and narrow elevational zonation-which Thorius shares with other neotropical salamander genera and many tropical vertebrate ectotherms, have played a similarly large role in promoting species diversification in Thorius as they have in these groups, and that they are accountable, at least in part, for both the large number and present distribution of species. Future studies.-Previous studies of the biology of Thorius have been hindered by the confusing systematics of the group and the inability to reliably establish the identity of specimens from most populations. In this study, electrophoretic data unraveled the complex web of taxonomic relationships and established the affinities of most populations. The total of 15 species ranks Thorius fourth among the 11 neotropical plethodontid genera behind Bolitoglossa (65 spp.), Pseudoeurycea (24 spp.), and Oedipina (16 spp.) (Wake and Elias, 1983). (Additional analysis may justify recognition of several more species; thus the 15 species may represent only a minimum estimate.) Furthermore, the range of habitat and microhabitat diversity collectively displayed by these species is comparable to or exceeds that of most neotropical genera (Wake and Lynch, 1976) . This data has provided the information necessary to initiate studies of patterns of morphological diversification in Thorius that relate to phylogenetic size reduction (Hanken, 1980, 1982) , and should allow further investigation of other aspects of its biology.
